INTRODUCTION
The South China Block consists of the Yangtze Block to the northwest and the Cathaysia Block to the southeast (Fig. 1) . The Yangtze and Cathaysia Blocks are separated by the Sibao orogen (Li et al., 1995) or Jiangnan orogen (Chen and Jahn, 1998; Yu et al., 2009; Wang et al., 2010) . The Yangtze Block has an Archean to Paleoproterozoic basement (Zheng et al., 2006; Zhang et al., 2006a, b) . The exposed Archean basement rocks consist of the Kongling Complex located at the northern Yangtze Block (Qiu et al., 2000) and the Cavinh Complex (Lan et al., 2001 ) located at the western Yangtze Block. However, exposed Paleoproterozoic rocks are only limited to the western Yangtze Block, known as the 2.1 Ga Houhe Complex (Wu et al., 2012) and the 1.7 Ga Dahongshan or Dongchuan Group (Greentree and Li, 2008; Zhao et al., 2010; Zhao and Zhou, 2011) . These Paleoproterozoic rocks are important for understanding the early history of the Yangtze Block. Studies of the Paleoproterozoic copper deposit of Southwest China. Our main aim is to constrain the formation age of the Hekou Group and to understand the genesis of the Lala Fe-Cu deposit. Together with recent geochemical data of the Hekou igneous rocks, we also discuss the tectonic environment of the Hekou Group and its implication for the connection between the Yangtze Block and the supercontinent Columbia.
GEOLOGICAL SETTING
The Hekou Group consists of volcanic and sedimentary rocks that experienced lower to upper greenschistfacies metamorphism (Xiao and Sun, 1992; He, 2009) . Metamorphic grade and intensity of deformation vary regionally, but most outcrops show strong schistosity and some rocks are strongly folded. The rocks are overlain by thick Mesoproterozoic to Early Neoproterozoic sedimentary rocks of Huili Group. Six lithostratigraphic units, with a total thickness of approximately 4300 m, were classified according to 403 Geological Team of BGEEMRSP (1983) and our recent geologic mapping. The units are called the Baiyunshan, Xiaotongchang, Datuanqing, Luodang, Xinqiao and Tianshengba Formations, from the bottom up (Figs. 2 and 3) .
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Fig. 2. A Geological sketch map of the Lala copper mine showing the sampling location (modified from
rocks consist of sodic lava and pyroclastic rocks, and coarse to fine-grained siliciclastic and carbonate rocks.
The pyroclastic rocks such as volcanic breccia and tuff are mainly found within the Xiaotongchang, Luodang and Tianshengba Formations. The siliciclastic rocks, including quartzite, mica schists and polymictic meta-conglomerates, are mainly found within the Baiyunshan, Datuanqing and Xinqiao Formations. The carbonate rock units were metamorphosed to marble and are mainly found within the Baiyunshan Formation. The Hekou Group represents the basement of the late Mesoproterozoic to early Neoproterozoic successions (Li et al., 1988) and hosts many hydrothermal Fe-Cu deposits (Zhu et al., 2009) .
SAMPLING AND ANALYTICAL METHODS

Sample selection
We collected five barren and nine mineralized samples for chemical analysis from a tuffaceous schist unit of the Luodang Formation of the Hekou Group in the Luodang open-pit of the Lala copper mine, Sichuan Province (Figs. 2 and 3) . We also collected one barren sample (09Lala04) for zircon U-Pb and Lu-Hf isotopic analysis from the schist. The tuffaceous schist is gray and dark gray, exhibits bedding, is extensively altered, and consists mainly of garnet, biotite, K-feldspar, and quartz (Fig.  4) . The accessory minerals include magnetite, chlorite, apatite, zircon, phlogopite and carbonate.
Analytical techniques
Major, trace element and rare earth element (REE) analyses were all conducted at the Institute of Multipurpose Utilization of Mineral Resources, Chinese Academy of Geological Sciences (CAGS). The samples were dried overnight in an oven and fused into lithium borate glass disks for major oxides. The major oxides were determined by Axios X-ray fluorescence (XRF) with analytical uncertainties ranging from 1% to 3% (2σ). Trace and rare earth elements were determined using an X Series II ICP-MS. The analytical precision of ICP-MS is better than 5% (2σ) for elements with concentrations >10 ppm and is less than 10% (2σ) for concentrations <10 ppm. The detailed analytical procedures of ICP-MS are described by Qi and Grégoire (2000) .
Zircons from sample 09Lala04 were separated using standard heavy liquid and magnetic techniques. About 60 zircon grains were handpicked from sample 09Lala04, mounted on a thin layer of epoxy and then polished down to expose the centers of zircon grains. Cathodoluminescence (CL) images for zircon grains, taken with an electron microprobe (JEOL JXA-8900RL) at the Institute of Mineral Resources, CAGS, were used to examine the internal structures of zircons. The working conditions for the CL imaging were 15 kV and 20 nA.
Zircon U-Pb dating analyses were conducted by LA-MC-ICP-MS at the Institute of Mineral Resources, CAGS. Details on the operating conditions of the laser ablation system and the MC-ICP-MS instrument and the approach used for data reduction are described by Hou et al. (2009) . Laser sampling was performed using a New Wave UP 213 laser ablation system. A Thermo Finnigan Neptune MC-ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. Each analysis incorporated a background acquisition lasting approximately 20-30 s (gas blank) and was followed by a 30 s data acquisition from the sample. Off-line raw data selection, integration of background and analysis signals, time-drift correction and quantitative calibration for UPb dating were performed by ICPMSDataCal (Liu et al., 2010) .
Zircon GJ-1 was used as an external standard for UPb dating and was analyzed twice for every 5-10 sample analyses. Time-dependent drifts of U-Th-Pb isotopic ratios were corrected using linear interpolation (with time) for every 5-10 analyses according to the variations of GJ-1 (i.e., 2 zircon GJ-1 + 5-10 samples + 2 zircon GJ-1) (Liu et al., 2010) . Preferred U-Th-Pb isotopic ratios used for GJ-1 are from Jackson et al. (2004) . Concordia diagrams and weighted mean calculations were made using Isoplot/Ex_ver3 (Ludwig, 2003) . Plesovice zircon was dated as an unknown sample and yielded a weighted mean 206 Pb/ 238 U age of 337 ± 2 Ma (2σ, n = 12), which is in good agreement with the recommended 206 Pb/ 238 U age of 337.13 ± 0.37 Ma (2σ) (Sláma et al., 2008) .
In situ zircon Hf-isotope analysis was carried out using a New Wave UP213 laser-ablation system that was attached to a Neptune multi-collector ICP-MS at MRL Key Laboratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources, CAGS. Instrumental conditions and data acquisition are described by Hou et al. (2007) and Wu et al. (2006) . A stationary spot was used for analyses in this study, with a beam diameter of 55 µm. Helium was used as carrier gas to transport the ablated sample from the laser-ablation cell to the ICP-MS torch, via a mixing chamber mixed with Argon gas. (Chu et al., 2002) . For instrumental mass bias correction, Yb and Hf isotope ratios were normalized, using an exponential law, to 172 Yb/ 173 Yb = 1.35274 (Chu et al., 2002) and 179 Hf/ 177 Hf = 0.7325. The mass bias behavior of Lu was assumed to follow that of Yb and mass bias correction protocols are described in Wu et al. (2006) and Hou et al. (2007) . Zircon GJ-1 was used as the reference standard during our routine analyses, where its weighted mean 176 Hf/ 177 Hf ratio was 0.282007 ± 0.000007 (2σ, n = 36). It is indistinguishable from a weighted mean 176 Hf/ 177 Hf ratio of 0.282000 ± 0.000005 (2σ) using a solution analysis method by Morel et al. (2008) .
RESULTS
U-Pb age
Zircon grains of the tuffaceous schist (09Lala04) were subhedral and 150-300 µm long with aspect ratios of 1:1-2:1. CL imaging revealed that some grains have oscillatory zoning (Fig. 5 ) and this feature is connected to their magmatic genesis. Twenty LA-ICP-MS U-Pb spot analyses were obtained on 18 zircon grains that are listed in Table 1 . Results are plotted on a Terra-Wasserburg diagram in Fig. 5 . Zircon grains have moderate concentrations of U (9.98-261.95 ppm) and Th (2.67-336.8 ppm) with relatively high Th/U ratios of 0.27-1.29, consistent with their magmatic origins. Twenty analyses yield concordant ages and give a weighted average age of 1669 ± 6 Ma (MSWD = 1.15; Fig. 6 ).
Geochemistry
The chemical compositions of tuffaceous schist samples are presented in Table 2 
LA-MC-ICP-MS U-Pb analyses of zircons of the tuffaceous schist from the Luodang Formation of Hekou Group
ion lithophile element (LILE, e.g., Rb = 13.6-160 ppm, Sr = 1.71-145 ppm, Cs = 0.18-1.04 ppm) concentrations and HFSE concentrations (e.g., Nb = 9.78-97.6 ppm, Ta = 0.40-3.64 ppm, Zr = 13.7-141 ppm, Hf = 0.32-3.66 ppm).
When plotted on a primitive mantle-normalized trace element diagram (Fig. 7A) , most samples show negative HFSE (Ta, Nb, P, Zr, Hf and Ti) anomalies and positive LILE and LREE (Th, La, Ce, Pb, Sm, and Eu) anomalies. When plotted on primitive mantle-normalized REE pat-terns ( Fig. 7B ), all samples have LREE enrichment (LREE/HREE = 6.07-25.64 and (La/Yb) n = 12.10-109.01). All samples show positive Eu anomalies (δEu = 1.07-6.55).
Hf isotope compositions
Zircon Lu-Hf isotopic data for the schist (09Lala04) are presented in Table 3 . The twenty analyses yield 176 Hf/ 177 Hf ratios ranging from 0.281791 to 0.281894 and positive ε Hf (t) values ranging from +1.5 to +4.5 with a weighted average of 3.24 ± 0.35. The zircons have Hf model ages (T DM ) from 1.93 to 2.04 Ga.
DISCUSSION
Rock classification and tectonic environments
The rocks of Hekou Group have been extensively altered by biotitization, silicification, and carbonatization (Zhu et al., 2009) . Thus, major element compositions are likely to be significantly modified by hydrothermal alteration as found in previous petrological studies (Chen, 1991; Xiao and Sun, 1992; Zhu et al., 2009) . After recalculating all analyses to 100% on a volatile-free basis of the samples, we chose the Zr/TiO 2 versus Nb/Y plot of Winchester and Floyd (1977) to classify the rocks of Hekou Group. Data from two previous studies were also classified (Zhou, 2008; He, 2009) . Most samples plot on the alkali basalt, andesite, and andesite-basalt fields. Three samples plot in the rhyodacite-dacite field. Three samples plot, respectively, on the basanite-nephelinite, trachyandesite, and subalkaline basalt fields. Five barren samples plot on the basalt field (Fig. 8) . Owing to intense silicification, some barren tuffaceous schist samples (Lala0401 and Lala0404) have a high concentration of SiO 2 (Table 2) . However, samples with Cu-Fe mineralization have low concentrations of SiO 2 ( Table 2) .
The petrogenesis and tectonic setting of the Hekou Group are still controversial. Based on the geochemistry of major and trace elements of metavolcanic rocks of the Hekou Group, some authors (e.g., Zhao et al., 1999; Zhou, 2008) have suggested that these metavolcanic rocks are bimodal rhyolites and that alkali basalt-tholeiites erupted in an intercontinental rift setting. However, Chen (1991) found that the REE patterns of these metavolcanic rocks show some similarities to back-arc basin basalts (BABB) and argued that the Hekou Group was deposited in a backarc basin. He (2009) analyzed samples from the metasedimentary and metavolcanic host rocks of the Lala copper deposit and similarly concluded that the Hekou Group formed in a back-arc basin.
Back-arc basin basalts are generated by decompression melting that is augmented by flux melting and associated with mantle upwelling in extensional settings (Gribble et al., 1998; Pearce and Stern, 2006; Kelley et al., 2006; Currie and Hyndman, 2006) . Back-arc basin basalts have transitional compositions between MORB and IAB (Woodhead et al., 1993; Pearce and Stern, 2006) . Therefore, back-arc basin basalts are enriched in subduction-mobile elements (Rb, Ba, Sr, K, Th, U, P, Pb and LREE) and depleted in subduction-immobile elements (Nb, Ta, Zr, Hf, Ti and HREE) (Taylor and Martinez, 2003; Pearce and Stern, 2006) . These basalts originate from the addition of a subduction fluid to the mantle source (Pearce and Stern, 2006; Kelley et al., 2006 Kelley et al., , 2010 rocks of Hekou Group suffered complex metamorphism and hydrothermal alteration, their major elements (excluding Ti) and LILE were modified, as discussed in the previous section. Thus, we use only immobile elements (e.g., Nb, Ta, Ti, Zr, Hf and HREE) to discuss the petrogenesis of these rocks. As shown in Fig. 6 , most barren samples have negative Zr, Hf, Ti, and HREE anomalies and show LREE enrichment, similar to subduction-related BABBs.
Our samples also exhibit high Nb-Ta-Th contents (Table  2) . Hronsky et al. (2012) reported that arc-related magmas in Au-ore provinces have substantially high concentrations of incompatible fluid-insoluble elements (Nb, Ta, Th). They suggested that these concentrations are related to either unusually low degrees of partial melting in the asthenospheric mantle wedge or the melting of lithospheric mantle regions that have been pre-enriched McDonough and Sun (1995) .
Fig. 7. Primitive mantle-normalized trace element diagram (A) and REE patterns (B) of the igneous rocks from the Luodang Formation of the Hekou Group. The primitive normalizing data are from
Table 3. Hf isotopes of zircons of tuffaceous schist from the Luodang Formation of Hekou Group
of 1488 Ma for the dolerite dykes intruding into Luodang Formation of Hekou Group and consider this age as the upper limit of the formation age of the Luodang Formation. Geng et al. (2008) reported a U-Pb age of 1817 ± 10 Ma for detrital zircons from metamorphic quartz sandstone of the Hekou Group and viewed it to be the lower limit of the formation age of the Hekou Group. Guan et al. (2011) reported a U-Pb age of 1710 ± 8 Ma for the dolerite dykes intruding into the Baiyunshan Formation of the Hekou Group and concluded that the Baiyunshan Formation formed prior to this time. Zhou et al. (2011) reported a U-Pb age of 1680 ± 13 Ma for the ore-hosting albitite of Luodang Formation. In this study, we obtained a LA-MC-ICP-MS zircon U-Pb age of 1669 ± 6 Ma from the tuff schist of the Luodang Formation, which is within the error of the age estimated for the ore-hosting albitite (1680 ± 13 Ma; Zhou et al., 2011) and the Manganghe Formation of the Dahongshan Group (1675 ± 8 Ma; Greentree and Li, 2008; 1681 ± 13 Ma; Zhao and Zhou, 2011) . Thus, we assert that our new data represent the formation age of the Luodang Formation and the Hekou Group, an age that ranges from late Paleoproterozoic to early Mesoproterozoic (1.8-1.5 Ga). The Hekou Group and Dahongshan Group crop out on the northern and southern ends of the study area, respectively, and are 300 km apart (Fig. 1b) . However, the two groups have similar petrologic and stratigraphic systems (Li et al., 1988) and tectonic environments (Zhang et al., 2001; He, 2009) . As mentioned earlier, recent geochronological studies have shown that the Hekou Group is coeval with the Dahongshan Group. Thus, the Hekou Group and Dahongshan Group were formed simultaneously in the same tectonic environment. Zhao et al. (2010) compiled geochronological data of the Dongchuan Group and suggested that the Dongchuan Group was formed in the late Paleoproterozoic to early Mesoproterozoic (1.7-1.5 Ga). The Dongchuan Group He (2009), Zhou (2008) and this study. in incompatible elements by the trapping of earlier lowdegree partial melts of the deeper mantle. These processes could explain the high Nb-Ta-Th contents of igneous rocks from the Lala ore district.
The Hf isotopes of zircons are robust during alteration and metamorphism (Vervoort and Blichert-Toft, 1999; Wu et al., 2007) . As shown in Fig. 9 , samples from the Hekou Group show ε Hf (t) values of 1.5 to 4.5, below the depleted mantle (DM) evolution line. Together with the Hf model age (T DM ) ranging from approximately 1.9 to 2.0 Ga and the zircon U-Pb age of 1.67 Ga, the zircon Hf isotopes of the Hekou Group suggest that the basalts of the Hekou Group were derived from an enriched mantle or were contaminated by crust (Wu et al., 2007) .
The BABB-like geochemical characteristics, the Hf isotope data, and the associated andesite and back-arc basin sedimentary rock recognized by He (2009) indicate, collectively, that the Hekou Group was deposited in a back-arc basin.
Formation age of the Hekou Group and its implication for ore genesis
The Hekou Group consists of the Baiyunshan, Xiaotongchang, Datuanqing, Luodang, Xinqiao and Tianshengba Formations, from the bottom up (Fig. 3) . Li et al. (1988) reported a U-Pb model age of 1712 Ma for the metavolcanic rocks from Tianshengba Formation of the Hekou Group and considered this age to represent the basement of the Mesoproterozoic to Neoproterozoic successions (the Huili Group) in the western margin of Yangtze Block. Gu and Liu (1997) reported a K-Ar age mainly consists of conglomerate, sandstone, slate, dolostone, carbonaceous slate, and minor tuffaceous volcanic rocks (Zhao et al., 2010) , but the Dahongshan Group and the Hekou Group are a sequence of metavolcanic and sedimentary rocks including metatuff, mica schist, carbonate, amphibolite, and meta-conglomerate (Li et al., 1988; Greentree and Li, 2008) . Tectonic environment studies have shown that the Dongchuan Group was deposited in an intra-continental rift setting (Zhao et al., 2010) , but the Hekou Group and Dahongshan Group were deposited in a back-arc basin (Zhang et al., 2001; He, 2009 ). Thus, it is possible that the Hekou Group and the Dongchuan Group were coeval but deposited in different tectonic environments.
Because ore bodies of the Lala Fe-Cu deposit are strata-bound and hosted by metamorphosed volcanic and sedimentary sequences of the Luodang Formation, Li et al. (1988) argued that the volcano-sedimentary genesis of the deposit and its Fe-Cu mineralization are contemporary with host rock formation (~1.7 Ga). However, the field geology and petrography of the Lala deposit indicate that it is a hydrothermal deposit (Zhu et al., 2009; Chen and Zhou, 2012) . The Re-Os dating of chalcopyrite shows that the age of Cu mineralization is 1290 ± 38 Ma (Zhu and Sun, 2013) . Thus, the formation age of the Luodang Formation of the Hekou Group also demonstrates that the Lala deposit is an epigenetic hydrothermal deposit and not a syngenetic one.
RELATIONSHIP TO THE SUPERCONTINENT COLUMBIA
Previous studies (Chen and Jahn, 1998; Qiu et al., 2000; Zhang et al., 2006b; Zhang and Zheng, 2007) have shown that the geological evolution of Yangtze Block can be divided into three stages: (1) Yangtze continental nucleus was formed in the Mesoarchean; (2) Yangtze Block was cratonizated at ca. 2100-1800 Ma; and (3) the ancient crust was remelted and a juvenile crust was reworked in the Neoproterozoic (e.g., Qiu et al., 2000; Zhang et al., 2006b; Zhang and Zheng, 2007) . However, recent zircon U-Pb ages for the Dahongshan Group and the Hekou Group indicate that there existed a basement-formation event in the Paleoproterozoic (ca. 1.7 Ga) in the western margin of Yangtze Block (Greentree and Li, 2008; Zhao and Zhou, 2011; Zhou et al., 2011) .
Recognition of global Paleoproterozoic orogenic belts suggests that there existed a supercontinent Columbia (Rogers and Santosh, 2002) or Nuna (Hawkesworth et al., 2009) . The supercontinent Columbia (Nuna) was assembled at 2.1-1.8 Ga as collisional orogens, having experienced long-lived (1.8-1.3 Ga) subduction-related growth on continental margins. It broke up at 1.6-1.3 Ga (Zhao et al., 2004; Rogers and Santosh, 2009; Zhao and Zhou, 2011; Evans and Mitchell, 2011) . The supercontinent Columbia did not include Yangtze Block in its early reconstruction (Rogers and Santosh, 2002) . However, in the last few years, lines of evidence demonstrate that the Yangtze Block has important implications for the reconstruction of supercontinent Columbia, including: (1) the 2.1-1.8 Ga magmatism and granulite-facies metamorphism in the northern Yangtze Block (Zhang et al., 2006a) and the presence of an arc-related granitoid in the northwestern Yangtze Block (Wu et al., 2012) ; (2) the 1.85 Ga mafic dykes and A-type granites in the Kongling Complex (Peng et al., 2009; Xiong et al., 2009) ; and (3) the 1.7-1.5 Ga intra-continental rift in the western Yangtze Block (Zhao et al., 2010) . Thus, the Yangtze Block has been placed on the northwestern or western margin of the supercontinent Columbia (Zhao et al., 2004; Hou et al., 2008; Vijaya et al., 2011; Wang et al., 2012) . The ages of the Hekou Group and the Dahongshan Group are consistent with the timing of crustal accretionary events that occurred after the orogeny associated with supercontinent Columbia (Zhao et al., 2004; Zhao and Zhou, 2011; Evans and Mitchell, 2011) . If the depositional environments of the Hekou Group and Dahongshan Group are considered to be a back-arc basin (Zhang et al., 2001; He, 2009) , then the ages of the Hekou Group and Dahongshan Group suggest that the Paleoproterozoic tectonic evolution of the western Yangtze Block are correlated with the assembly and fragmentation of the supercontinent Columbia.
CONCLUSION
A zircon U-Pb age of 1669 ± 6 Ma was obtained from the tuffaceous schist of the Luodang Formation of the Hekou Group in Sichuan Province, SW China. This result is considered to be the deposition age of the Hekou Group and indicates that the Lala copper mine is part of a hydrothermal Fe-Cu deposit. The geochemical and isotopic compositions of the Hekou Group indicate that the Hekou Group was formed in a back-arc basin at 1.7 Ga. Our study also implies that Paleoproterozoic tectonic evolution of the western Yangtze Block is correlated with the assembly and fragmentation of the supercontinent Columbia.
